ABSTRACT: Juvenile life stages play critical roles in the population dynamics of virtually all organisms, and therefore precise estimates of juvenile growth and survival are important for accurate demographic analyses. For tropical reef corals, the contribution of juveniles to population dynamics is strongly determined by their growth rates, which are inversely proportional to the duration of this life stage and the risks of mortality, yet empirical estimates of this important trait are surprisingly rare. Based largely on results published before 1990, it is often assumed that juvenile corals ≤50 mm diameter grow ~10 to 34 mm yr -1
INTRODUCTION
Demographic analyses provide important tools for ecologists working to understand the causes of changing population sizes (Caswell 2001) , and the raw material for such studies typically are the fates of individual organisms, which can be challenging data to collect. The marine environment poses particular problems in this regard, for marine organisms often can be difficult to observe, and for benthic taxa that frequently have pelagic larvae (Thorson 1950) , some of the critical life stages (i.e. larvae and newly settled recruits) can be the hardest to quantify. As a result, the demographic parameters for these life stages are prone to bias, and when applied to the numerous marine taxa that produce vast numbers of pelagic larvae and newly settled , and therefore are ~1.5 to 5.0 yr old. In contrast, results presented here show that juvenile corals (≤40 mm diameter) in St. John, US Virgin Islands, have grown at much slower rates on shallow reefs (<9 m depth) where annual censuses have been completed for 9 yr (1996 to 2005) . For nearly a decade, juvenile corals in this location have maintained overall mean growth rates of only 3 mm yr . Therefore, most of these juvenile corals have grown at rates consistent with an upper age estimate of 7 to 13 yr, which is 1.4 to 8.7 times older than estimates derived from often-cited growth rates. This discrepancy has important implications, because it suggests that the recruitment dynamics of coral populations may function over time scales longer than are usually considered. Conceivably, these time scales may now extend over lengthier periods than once was the case, at least as can be determined from sparse results distributed through >32 yr of peer-reviewed studies that reveal a gradual decline in the growth rates of juvenile corals. The correspondence of this decline with rising seawater temperature and depressed aragonite saturation state raises the possibility that the effects of global climate change have already reduced the growth of juvenile corals. recruits (Thorson 1950 , Morgan 2001 , small variations in traits like larval settlement and juvenile survivorship can have large effects on population projections (Underwood & Keough 2001) .
The ability to model population dynamics is highly relevant to coral reefs, where there is an urgent need to place the declining health of these ecosystems (Hughes et al. 2003 , Bellwood et al. 2004 ) in a demographic context equating coral death with the rate at which corals recruit and the likelihood that they survive to an adult stage (Hughes & Tanner 2000 , Edmunds & Elahi 2007 . One facet of the 'coral reef crisis' (Bellwood et al. 2004 ) is the contrast between contemporary literature that is dominated by examples of reefs that have lost large amounts of coral cover (Gardner et al. 2003 , Bellwood et al. 2004 ) which has usually failed to grow back (Hughes 1994 , Gardner et al. 2005 , Rogers & Miller 2006 , and older studies that typically assume that reef recovery occurred (Connell 1978 , Pearson 1981 , Karlson & Hurd 1993 . Faced with evidence that 20 to 40 yr ago reefs did indeed recover from disturbances (e.g. Pearson 1974 , Hunter & Evans 1995 , Connell 1997 , a critical question is whether there has been a decline in the ability of coral communities to recover from disturbances (Nystrom et al. 2000 , Bellwood et al. 2004 , and if so, what are the underlying mechanisms that have reduced the ability of corals to recover? This study addresses one component of such mechanisms, namely the growth of juvenile colonies.
While fragmentation can play an important role in population maintenance for some coral species (Highsmith 1982) , the primary mechanism of recovery for coral communities following severe disturbances is larval settlement and recruitment (Harrison & Wallace 1990 , Richmond 1997 , and accordingly these processes have enjoyed a long history of research attention (Harrison & Wallace 1990) . Some investigations have quantified coral recruitment (i.e. the appearance in the population of the smallest detectable individual, sensu Caley et al. 1996 ) (e.g. Dunstan & Johnson 1998 , Hughes et al. 1999 , while others have focused on small colonies that are young relative to adults (Bak & Engel 1979) , and usually sexually immature (i.e. juveniles; Soong 1991). The quantification of juveniles rather than recruits usually results in a more tractable experimental system, but important limitations of this approach are that it precludes an evaluation of post-settlement processes that occur during an early fraction of the time occupied by the young age class (Gosselin & Qian 1997 , Hunt & Sheibling 1997 , and relies on the assumption that some of the juveniles will reach an adult stage. This assumption clearly is valid, as demonstrated by the persistence of coral populations, post-settlement survivorship over the first 3 to 12 mo of 16 to 71% (Babcock 1985) , and typical annual survivorships for juvenile corals of 0 to 77% (Smith 1992 , Wittenberg & Hunte 1992 , Edmunds 2000 . However, the biological significance of annualized survivorships for juvenile corals depends on the longevity of this life stage, and in large part, this is determined by growth rates. With constant survivorship, the number of corals leaving the juvenile stage is inversely related to the time spent in this life stage. For juvenile corals, the best estimates of the duration of this life stage come either from cohort analyses, where the proportion of colonies growing out of the juvenile stage is determined for a fixed interval of time (Hughes 1984 , Fong & Glynn 1998 , Hughes & Tanner 2000 , or through the direct measurement of size over time (e.g. Van Moorsel 1985 , 1988 , Babcock 1991 . In both cases, surprisingly few data are available.
The research described in this paper was completed against the backdrop of an ongoing need for measurements of the growth and longevity of juvenile corals, and the initial concept was strengthened by an earlier analysis from St. John, US Virgin Islands (Edmunds 2000) , that showed that juvenile corals grow slowly compared to rates often cited in the literature (Bak & Engel 1979 , Van Moorsel 1985 , 1988 . Given the importance of growth in determining the contribution of juvenile corals to population dynamics, there are important implications for overestimating growth rates (Babcock 1985) , notably in misconstruing the tempo of population change, and upwardly biasing the rates at which coral populations are thought to recover from disturbances. The goals of the present study were first, to quantify the growth of juvenile corals over a lengthy period in order to evaluate the average growth rates and the variance around these values, and second, to compare these results to previously published rates as a test for possible long-term changes in growth rates of juvenile corals. To achieve these goals, the growth of juvenile corals was measured annually for nearly a decade on the shallow reefs of St. John, with the outcome demonstrating that they grow more slowly than previously was thought, at least on shallow reefs in one Caribbean location, and perhaps more slowly than was recorded 20 to 30 yr ago.
MATERIALS AND METHODS
Starting in 1996, the growth of juvenile corals has been measured as part of a long-term monitoring program along the south coast of St. John (described in detail in Edmunds 2002 , 2004 , Edmunds & Elahi 2007 ; see also Rogers & Beets 2001 , Rogers & Miller 2006 . The reefs in this location are protected within the Virgin Islands National Park and Biosphere Reserve, and most of the fringing reefs in shallow water (< 9 m depth) are dominated by granitic substratum. Because this rock is relatively smooth with <10% cover of scleractinians (Edmunds 2002) , juvenile corals are easier to locate on these surfaces in comparison to more rugose habitats with higher coral cover (Edmunds 2000 (Edmunds , 2004 . Juvenile corals were defined as colonies ranging in size from the smallest that could be detected (~2 mm diameter) to 40 mm diameter, and only colonies with near-circular outlines were selected in order to avoid asexual recruits that usually have fractured margins. Within this size range, the smallest colonies could not be identified reliably to species, and therefore most corals were identified to genus. Corals were scored to species in 2 cases, Favia fragum and Siderastrea radians, which differ from other small corals because they can attain sexually maturity at ≤ 40 mm diameter (Soong 1991), and therefore potentially are adults. In these 2 cases, species-level identification was possible because there is only one species in the genus Favia, and S. radians has a distinct morphology, even when small. In the case of Siderastrea, which is represented by only 2 species in this location, identification of S. radians identified the remainder as S. siderea, which typically accounted for about 33% of the juvenile Siderastrea on the study reefs.
The growth of juvenile corals was determined by tagging and measuring small corals at 6 sites between Cabritte Horn and White Point (described in Edmunds 2002 Edmunds , 2004 . Five of the sites are at 5 m depth, and one at 9 m depth, and were characterized by similar habitats. Juvenile corals were selected haphazardly for tagging along permanently marked transects, and small colonies of all species were tagged by gluing a numbered aluminum tag to the adjacent rock with epoxy (Z-Spar A788).
The tagged corals were measured with calipers (± 0.1 mm), and their size was determined from the mean of the 2 major diameters at the base of the living tissue. One year later, the tagged corals were assessed for condition (alive or dead) and, if alive, again were measured; growth rates were calculated as the change in mean diameters. In the first 3 yr of the study (1996 to 1998) the juvenile corals were surveyed annually in May, but for the remaining 6 yr the surveys were completed in August. Because the number of tagged corals declined over each period due to growth out of the desired size range (i.e. ≤ 40 mm), mortality (14 to 46% yr -1 ; P. J. Edmunds unpubl. data), and tags that could not be found (usually when they became encrusted with coralline algae), additional corals were tagged every year. The number of tags that could not be found, and the time available for tagging new corals varied among years, and therefore the sample sizes (i.e. number of tagged corals) for growth estimation were not constant. Although the taxonomic composition of the tagged corals varied from year to year, the taxa most frequently tagged and found again after 1 yr were Porites, Agaricia, Favia, Diploria and Siderastrea radians (Table 1) .
Growth rates of colony mean diameter were expressed as mm yr -1 and calculated first, from all of the corals (i.e. regardless of whether they increased or decreased in size), and second, from corals that grew ≥ 0 mm yr -1
; corals that were recorded as decreasing in size typically were characterized by tissue that no longer extended to the basal margin of the skeleton. These 2 methods were used to gain insight into the difference between the lower 'realized' growth rates and the higher 'potential' growth rates that are less biased by tissue shrinkage. The rationale for this approach was that shrinkage resulted from a variety of processes, some of which represented the catabolism of biomass, and some that represented extrinsic processes (e.g. predation, competition, and grazing). While tissue catabolism reflects a deficit of energy obtained through feeding (Sebens 1981) , and therefore is a facet of growth, shrinkage due to extrinsic processes typically is decoupled functionally from growth. The relative importance of catabolism and extrinsic processes in driving the reduction in size could not be determined, and therefore a technique was applied through which many of the corals that shrank could be excluded. With this approach, it is not possible to be certain that growth rates ≥ 0 mm yr -1 were unaffected by shrinkage, and therefore the potential growth rates are probably conservative. To determine the extent to which the estimates of growth rates for juvenile corals were biased by the likely inclusion of sexually mature colonies (i.e. adults) of Favia and Siderastrea radians, growth rates for all juveniles were compared to the 3 growth rates calculated for a subset of corals obtained by excluding Favia and S. radians. Mean yearly growth rates were displayed graphically for all juvenile corals, and separately for the most common genera. The goal was not to complete a statistical comparison among times (described in Edmunds 2004); rather it was to evaluate broad patterns of variation in growth rates among times and taxa. Histograms with 1 mm yr -1 class intervals were used to display the frequency distributions of growth rates (pooled among years) in 4 size ranges of colonies: small (≤10 mm diameter), medium (≤20 mm), large (≤30 mm) and extra large (≤40 mm). Finally, the relationship between growth (mm yr -1 ) and initial size was explored using scatterplots and Pearson correlations. Where a significant relationship was detected, reduced major axis (RMA) techniques were used to fit linear relationships, because the initial size and growth rates were measured with error and conformed to a Model II regression condition (Sokal & Rohlf 1995, p. 544) .
RESULTS
Over 9 yr, the growth of 1193 small corals was recorded (with some measured in multiple years), with the majority (> 79% yr ) represented by Porites, Agaricia, Favia, Diploria, and Siderastrea radians. Of the corals tagged and remeasured over each year, 26 to 61% were Porites, 9 to 29% Agaricia, 1 to 27% Favia, 2 to 18% Diploria, and 1 to 29% S. radians; Porites was the most frequently tagged genus in 7 of the 9 yr, with Favia and S. radians each the most frequently tagged in one year. In every year, 14 to 28% of the tagged corals shrank, with the result that the overall (i.e. pooled among taxa and times) mean realized growth rate (3.4 ± 0.2 mm yr -1 ; ± SE, n = 1193) was lower than the mean potential growth rate (5.8 ± 0.2 mm yr -1 ; ± SE, n = 902) ( Table 2 ). The number of corals shrinking (with growth < 0 mm yr -1 ) versus growing (i.e. categorized with growth ≥ 0 mm yr -1 ) varied among taxa (2 × 3 contingency table, χ 2 = 14.948, df = 4, p = 0.005), largely because of the relatively large number of Agaricia that shrank; and for Diploria, both the large number that grew, and the small number that shrank. Exclusion of F. fragum and S. radians from the analysis based on the rationale that some of their colonies were adults increased the mean realized and mean potential growth rates by ≤ 0.3 mm yr -1 , but this difference was not significant (t ≥ 0.693, df ≥ 1230, p ≥ 0.350). The trend for greater potential compared to realized growth was evident every year, with the mean values for the 2 growth rates differing between 1.8 mm yr -1 (in 1997 to 1998) and 4.4 mm yr -1 (in 1998 to 1999) ( Fig. 1) . Overall, the growth rates of juvenile corals differed significantly among years (F = 13.439, df = 8, 2077, p < 0.001) and method of calculation (i.e. realized versus potential) (F = 74.338, df = 1, 2077, p < 0.001), but there was no statistical interaction between the two (F = 19.954, df = 8, 2077, p = 0.736).
For each taxon, the variation in growth rates among times and method of calculation were similar to the variation exhibited by all the taxa combined (Fig. 1) . There was a significant interaction between time and taxon for the realized (F = 1.673, df = 28,981, p = 0.016) and the potential growth rates (F = 35.714, df = 28, 710, p = 0.028), and therefore the growth of the dominant taxa responded in dissimilar ways to the conditions prevailing in each year. For example, while the realized growth rates for Siderastrea radians were higher in 2004 to 2005   4   Table 2 . Growth rates (change in diameter, mm yr -1 ) of juvenile corals in a the present study and b -s from the literature. Values from the present study are grouped for all corals combined (i.e. pooled among taxa) and also for the most abundant taxa, and are displayed as realized and potential growth rates for the 9 yr study; mean ± SE; n = sample sizes. Values from the literature are listed either by taxon for Caribbean taxa, or when measurements were available from multiple taxa or from Indo-Pacific species, under 'All corals'. Studies (a-j) were completed in the Caribbean, and (k-s) in the Indo-Pacific. See Appendix 1 Babcock (1985) compared with 2003 to 2004, the trend was reversed for Diploria (Fig. 1) . Similarly, while the potential growth rates for Porites were higher in 1998 to 1999 compared with 1997 to 1998, the trend was reversed for Agaricia (Fig. 1) . Notably, however, all of the corals together (i.e. pooled among taxa), as well as 4 of the 5 dominant taxa, exhibited the lowest realized growth in 1998 to 1999 (Fig. 1) , which was the warmest year for surface seawater temperature in this location between 1990 and 2005 (Edmunds 2006) , and since at least 1961 for the Caribbean as a whole (McWilliams et al. 2005) . Over the 9 yr study period, however (i.e. pooling among years), both the realized and the potential growth rates differed significantly among taxa (F = 8.469, df = 4,1066, p < 0.001, and F = 6.322, df = 4, 787, p < 0.001, respectively), and in both cases, the growth rates for Diploria differed significantly from those for Agaricia, Favia and S. radians, and the growth rates for Porites differed significantly from those for S. radians (Bonferroni post-hoc comparisons, p < 0.05); no other contrasts were significant. Diploria grew faster than Agaricia, Favia and S. radians, and Porites grew faster than S. radians.
The realized growth rates for each taxon, pooled among the 9 yr, revealed a high degree of variation, even for corals that started at a similar size (Fig. 2) . In general, this variability increased with size, but the trend was more pronounced for Porites and Agaricia than it was for other taxa. With Porites for example, while some colonies that started in the 30 to 40 mm size range grew 20 to 30 mm, others shrank 10 to 20 mm; but for colonies that started in the 5 to 10 mm size range, realized growth rates ranged from 0 to 10 mm yr -1 (Fig. 2) . Even though realized growth rates varied greatly, they were correlated significantly with initial size for Porites (r = 0.215, df = 506, p < 0.01), Favia (r = -0.343, df = 116, p < 0.01) and Siderastrea radians (r = -0.235, df = 232, p < 0.01), but not for Agaricia or Diploria (p > 0.05). Interestingly, both Favia and S. radians, which display strong inverse relationships between size and realized growth, can achieve sexual maturity at < 40 mm diameter, while Porites grows faster at larger sizes compared to smaller sizes, but typically reaches sexual maturity at > 40 mm diameter (Soong 1991). Even though the growth rates of the juvenile corals were variable (Figs. 1 & 2) , a large number grew very slowly (i.e. ≤ 3 mm yr -1 ), regardless of initial size. The strength of this trend is illustrated by histograms of the realized growth rates for each of 4 size ranges (Fig. 3) . With the 1 mm yr -1 resolution of the histograms, the modal growth rates were 1, 2, 2, and 3 mm yr -1 for juvenile corals categorized either as small (≤ 10 mm initial diameter), medium (≤ 20 mm), large (≤ 30 mm), or extra large (≤ 40 mm), respectively, and the mean growth rates in each of the categories were ≤ 5.2 mm yr -1 (Fig. 3) . Even when only the potential growth rates for each of the size classes were considered, the mean growth rates were 4 mm yr -1 (from 75% of the small corals), 5 mm yr -1 (from 76% of the medium corals), 6 mm yr -1 (76% of the large corals), and 8 mm yr -1 (from 82% of the extra large corals) (Fig. 3) . Qualitative analysis of the contribution of each of the 5 dominant taxa to these histograms, revealed that Porites contributed most to the structure of the distributions for all size classes, but also revealed subtle patterns that differed among size classes (Fig. 3) . For instance, truncation of the lower tail of the distribution for the smallest corals was associated with a paucity of Agaricia and Siderastrea radians, both of which contributed substantially to the prominent lower tails of the distributions for the medium, large and extra large corals. Likewise, the higher abundance of Diploria in the large and extra large size classes, elevated both the mean growth rates and the size of the upper tail of the distributions (Fig. 3) .
In comparison to the growth rates of juvenile corals that are reported in the literature, mostly for Caribbean corals, the growth rates reported here are low. This discrepancy is greatest for the realized growth rates, and the magnitude of the discrepancy varies among taxa (Table 2 ). For instance, in 2 often-cited studies of juvenile corals on Caribbean reefs, specifically those on the reefs of Curaçao and Bonaire in the late 1970s and early 1980s, growth rates in the range of 10 to 34 mm yr -1 were reported for small colonies (≤ 40 mm diameter) (Bak & Engel 1979 , Van Moorsel 1985 , 1988 . In comparison, the mean realized and mean potential growth rates of all juvenile corals in St. John between 1996 and 2005 were 3.4 and 5.8 mm yr -1 , respectively, and ranged from a low realized rate of 1.7 mm yr -1 for Siderastrea radians, to a high potential rate of 7.0 mm yr -1 for Diploria (Table 2) . A literature search revealed few studies in which the growth of juvenile corals was reported in a format comparable to the measurements presented here. Eighteen peer-reviewed studies were identified for the period 1919 to 2005 (listed in Table 2 and summarized in Appendix 1), and even in these cases the data were often difficult to obtain in a format comparable with the present data. Nevertheless, despite these limitations, a weak trend emerges suggesting that the growth of all juvenile corals (i.e. pooled among taxa) now is lower than it was 30 yr ago (Fig. 4) . Unfortunately, there were insufficient historic data to complete a similar analysis for individual genera, but for Porites Table 2 , Appendix 1) that reported growth rates for juvenile corals growing in habitats ranging from reef flats to 30 m depth. Means ± SE are reported for the results from the present study; for studies from which a range of values was obtained (b, c, d, l, p, h) , the extreme values were averaged for graphical display and curve fitting. The 2 vertical arrows mark the results from 2 studies (m and q) reporting high growth rates (i.e. ≥ 50 mm yr -1 ) from Indo-Pacific reefs, the horizontal arrow marks the result for one study from 1919 (j); none of these values can readily be shown on a graph with linear axes, and were not used in the calculation of the best-fit relationship. The curve is the best-fit exponential relationship (r 2 = 0.716) to all of the data (Caribbean and Indo-Pacific combined), and has the equation y = (3.561 × 10 43 ) × e -0.0496x ). The sample sizes for the inset plots are shown within the box frames, and the 2 values for each inset graph sum to the sample size for the histogram to which they apply (the best represented genus) the few available data are consistent with a decline in growth rates from 9 to 12 mm yr -1 before 1981 (Vaughan 1919 , Rylaarsdam 1983 , Van Moorsel 1988 to 4 mm yr -1 between 1996 and 2005 ( Table 2) .
DISCUSSION
The purposes of this study were to provide a comprehensive analysis of the growth of juvenile corals in order to facilitate a comparison with historic data and resolve temporal and taxonomic variation in this trait. The larger objective, to improve the understanding of the causal basis of the trajectories of change in present-day coral communities (Knowlton 2001 , Gardner et al. 2003 , Bellwood et al. 2004 , relies on the assumption that the growth of juvenile corals affects the demographics of reef corals, which is true to the extent that colonies are added to the population by sexual recruitment. Before this study was completed, it was expected that the growth rates of juvenile corals in St. John would fall in the upper range of possible values as determined from the literature, firstly because the study reefs are in shallow water (< 9 m depth) where high irradiances promote coral calcification (Barnes & Chalker 1990) , and secondly, because they are protected by their inclusion within a marine protected area (Rogers & Beets 2001 ) from some disturbances that can depress the growth of corals. In contrast to this expectation, nearly a decade of data revealed that the growth rates of juvenile corals consistently were lower than many values that previously have been reported, particularly those appearing before 1990 (Table 2) .
Good examples of this discrepancy come from a contrast of the growth rates for juvenile corals in St. John with those reported in the late 1970s and early 1980s from Curaçao and Bonaire (i.e. 10 to 34 mm y -1 , Bak & Engel 1979 , Van Moorsel 1985 , 1988 . Differences in methodology, location, depth, and species make such comparisons difficult to evaluate -particularly since the early work of Van Moorsel (1985) focused on maximum (not average) growth rates -but nevertheless, the contrast suggests that juvenile corals in St. John currently grow at 10 to 34% of the rates predicted from studies completed ≥ 25 yr ago (based on contemporary realized growth rates of 3.4 mm yr -1 ). Although comparative data are rare, a similar conclusion can be reached through a broader comparison with other studies completed in the Caribbean and Pacific (Table 2) . While a different conclusion might be reached through an explicit contrast with juvenile corals of branching species, which typically grow faster than massive species (Buddemeier & Kinzie 1976 , Babcock 1985 and are common on Pacific reefs (Veron 1986 ), on Caribbean reefs, juvenile colonies of massive and encrusting corals (as recorded here) have dominated recruiting coral populations for decades (Bak & Engel 1979 , Rogers et al. 1984 , as well as the few studies that have recorded their growth (references in Table 2 ).
To evaluate the significance of the discrepancy between present and historic growth rates of juvenile corals, it is important first, to consider the legitimacy of the discrepancy and its influence on the field of coral reef ecology, and second, to identify mechanisms that might lead to this discrepancy. Clearly, the growth rates of juvenile corals in St. John are lower than historic values (Table 2 ), but unfortunately the paucity of data makes it impossible to know whether this is a generalized pattern or whether it simply reflects population dynamics that vary regionally (among islands), temporally (e.g. Fig. 1 ), or as a result of a combination of the 2 factors. There is evidence however, that the present results are not simply outliers within a larger spatio-temporal scale, because results from contemporary reefs show that juvenile corals grow at 3 to 7 mm yr -1 in at least 4 locations: the US Virgin Islands (present study), the Florida Keys (Edmunds et al. 2004) , Curaçao (Vermeij 2006) , and the Red Sea (Glassom & Chadwick 2006) . Thus, it is difficult to dismiss the slow growth rates of juvenile corals in St. John as a location-specific phenomenon, attributed perhaps to the granitic substratum that is common subtidally in St. John but rare in most Caribbean locations. In addition to the consistency of growth rates for juvenile corals on contemporary reefs in at least 4 locations, the growth rates in St. John have been 'low' for nearly a decade (Fig. 1) , although they have varied substantially among years ( Fig. 1 ) in a pattern that is associated with seawater temperature (Edmunds 2004 (Edmunds , 2006 , notably with the majority of the lowest realized growth rates occurring in the warmest year on record (Edmunds 2006) . While the growth rates of juvenile corals in St. John differ among genera in both magnitude (Table 2 , Fig. 1 ) and the dependency on colony size ( Fig. 2; see Vermeij 2006) , it is unlikely that taxonomic artifacts can account for the slow growth of juvenile corals in this location. Most importantly in this regard, the potential for taxonomic effects (which can be substantial, Fig. 1 ) to bias the present interpretation is reduced by the consistent dominance of the sampled corals by a few genera that are the same genera that have dominated virtually all previous studies of juvenile corals in the Caribbean (Bak & Engel 1979 , Rogers et al. 1984 , Smith 1992 , Chiappone & Sullivan 1996 . Although Favia fragum and Siderastrea radians represent special cases in terms of evaluating growth rates of juvenile corals, mostly because they can be sexually mature when small (Soong 1991) and display inverse size-dependency of growth (Fig. 2) , whether or not they were included in the calculations of mean realized and potential growth rates had no significant effect on the outcome.
If the slow growth of juvenile corals in St. John is characteristic of at least a subset of contemporary reefs, then it is appropriate to evaluate the implications of downwardly revising what is recognized as 'representative' for the growth rates of small corals. One aspect of this evaluation is characterizing the biological context that has been created by the results of previous studies. Although this context is surprisingly poorly informed, there are signs of a strong influence on current scientific thinking from historic studies such as those of Bak & Engel (1979) and Van Moorsel (1985 , 1988 . For instance, Rogers et al. (1984) , Chiappone & Sullivan (1996) , and Moulding (2005) , all assumed that juvenile corals grow at 12 to 36 mm yr -1 in their analyses of coral recruitment in the Virgin Islands and Florida Keys; and for Sprecher et al. (2003) , the assertion that juvenile corals settled soon after a bleaching event in the Maldive Islands was predicated on them growing at the high rates attributed to Bak & Engel (1979) . Similarly, Edmunds & Carpenter (2001) relied on juvenile corals growing at ~12 mm yr -1 in Jamaica in order to establish temporal concordance between the population recovery of the echinoid Diadema antillarum and increased rates of coral recruitment. Although Bak & Engel (1979) actually did not measure growth rates of 12 to 36 mm yr -1 (their only measured rates are 10 to 11 mm yr -1 for Agaricia), Van Moorsel (1985 , 1988 demonstrated empirically that juvenile corals in the same location could indeed grow rapidly (10 to 34 mm yr -1 ), particularly in comparison to contemporary growth rates for corals in a similar size range.
The biological significance of slower growth rates for juvenile corals is determined largely by the effects on the longevity of this life stage, which are inversely proportional to growth rates. Important consequences of upwardly revising the duration of the juvenile life stage include a greater chance of dying as a result of a longer exposure to the high annualized mortality rates of small corals (Jackson 1977 , Edmunds & Gates 2004 , as well as a slowing of the tempo of coral recovery through recruitment following a disturbance event. In other words, fewer recruits will survive to an adult stage if they grow more slowly, and those that become adults will have spent longer in the juvenile stage. Therefore, the rate at which a coral reef recovers following the mitigation of deleterious conditions, such as currently appears to be occurring in the Caribbean as populations of the echinoid Diadema antillarum recover (Edmunds & Carpenter 2001 , Carpenter & Edmunds 2006 , may be slower than is believed at present. These effects will be accentuated when recruitment rates are depressed, as occurs on degraded reefs (Hughes & Tanner 2000 , Bellwood et al. 2004 , but the ultimate effects on population growth will be determined by multiple factors including both recruitment and the growth and survival of existing coral colonies (Hughes & Tanner 2000 , Edmunds & Elahi 2007 .
Although there is much uncertainty regarding the mechanism driving the present results for juvenile growth, notably whether the discrepancy with previous studies represents a real change in performance or simply a data-driven readjustment of the consensus opinion (discussed below), the implications described above for coral population dynamics are unchanged. It is worth noting however, that the growth of juvenile corals vary greatly within a year as shown by the scatter of data in Figs. 2 & 3 , and as reported previously by some of the few authors that have studied this topic (e.g. Babcock 1985 , Vermeij 2006 , most notably by Van Moorsel (1988) , whose study focused on maximal growth of juvenile corals. Evidence from the present study suggests that such differences are deterministic (rather than random) because for the juvenile corals that were scored in multiple years, growth rates in one year were associated significantly and positively with the growth rates in the subsequent year (author's unpubl. data). In contrast, however, in Curaçao the growth of coral recruits in one year was not a good predictor of growth in the subsequent year (Vermeij 2006) , suggesting that the variation in growth was more random than deterministic. Such variation in growth rates should be studied further, because the extent to which the growth of coral recruits is deterministic has important implications for understanding how recruitment modulates population-level processes. Importantly, strong among-colony variation in growth of juvenile corals could provide a tractable experimental system to gain insight into fundamental questions such as how natural selection determines which recruits survive, and how evolutionary processes shape the response of coral communities to changing environmental conditions. Mensurative analyses such as described here cannot 'explain' spatio-temporal trends in coral growth or identify cause-and-effect relationships, both of which remain in the domain of manipulative experimentation. However, if the slow growth of juvenile corals in St. John is unlikely to be a result of regional artifacts or temporal anomalies, then presumably there must be some other mechanistic basis to these findings. Currently, such mechanisms are a matter of speculation, but one possibility, that contemporary reefs in shallow water differ from historic reefs in terms of the growth opportunities for juvenile corals, deserves immediate attention. Two prominent ways that contemporary reefs may differ from historic reefs, at least in shallow Caribbean waters, is in terms of seawater temperature, which is 0.7°C warmer in the Virgin Islands now than 30 yr ago (calculated from the data presented in Sheppard & Rioja-Niteo 2005, see also Edmunds 2006) , and the aragonite saturation state (Ω a ), which is thought to have declined 13% from historic values, due to rising atmospheric CO 2 levels (Kleypas et al. 1999) .
Coral growth (i.e. calcification) and temperature are related with a complex curvilinear response (Buddemeier & Kinzie 1976 , Reynaud-Vaganay et al. 1999 , Edmunds 2005 , and beyond a threshold value growth declines rapidly with rising temperature (Edmunds 2005) and thereby potentially explaining why growth rates of juveniles now appear depressed compared to the 1970s and 1980s. There is inadequate data to test this hypothesis for Caribbean corals, but for pocilloporids from the southern Great Barrier Reef, an increase from 29.0 to 29.7°C would decrease growth rates (mass deposition of aragonite) by 26%, although this outcome is strongly dependent on the initial temperature because of the shape of the growthtemperature response (Edmunds 2005) . Interestingly, previous results from St. John already suggest that the growth of juvenile corals is inversely related to seawater temperature, at least in the 12 to 24 mo period prior to growth occurring and over a relatively short period between 1996 and 2001 (Edmunds 2004) . Declining Ω a also has a strong effect on coral growth (Langdon 2000) , and potentially could contribute to growth reductions for juvenile corals. However, the decline in Ω a that has taken place over the last century is thought to have reduced coral growth by only 6 to 11% (Kleypas et al. 1999) , and therefore the potential effects over the last 30 yr would be small, particularly in relation to the putative decline in linear growth of juvenile corals. Augmenting these potential effects of abiotic factors are the consequences of extensive growths of benthic algae, which now dominate many Caribbean reefs (Hughes 1994 , McCook 1999 , Knowlton 2001 ) and can impede coral growth through direct competition for space (Jompa & McCook 2002) . Elucidating how these putative mechanisms act in concert to depress the growth of juvenile corals in St. John is a research priority, because the results have considerable relevance to evaluating the consequences of further environmental degradation on the success of reef corals.
